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1. Introduction 

Construction of the proposed Marine Commerce Terminal (South Terminal) in New Bedford, 

MA, will require pile driving, non-explosive rock removal, and (possibly) explosive rock 

removal. This report presents the results of an underwater acoustic modeling study of the 

proposed construction site. JASCO Applied Sciences (JASCO) carried out this study for Apex 

Companies, LCC (Apex) in support of the construction project’s biological assessment for the 

Atlantic sturgeon (Acipenser oxyrinchus). Interpretation of potential effects of noise on marine 

life, including Atlantic sturgeon, is outside the scope of this report. 

The model scenarios were chosen to evaluate precautionary distances to threshold levels for each 

construction activity, at the time of year when the water conditions allow sound to propagate the 

farthest from the source. Five scenarios were modeled:  

 One pile driving scenario at Site 2, along the extended South Terminal bulkhead,  

 Two non-explosive rock removal scenarios at Sites 1 and 2, within South Terminal dredge 

footprint, and  

 Two explosive rock removal scenarios at Site 2, with and without a surrounding bubble 

curtain used as a mitigation system (Figure 1). 

The sound levels estimated from this study are presented in two formats: as contour maps of the 

sound fields that show the directivity and range to various sound level thresholds and as 

maximum and 95% distances to some sound level thresholds. The distances from the sound 

sources to sound level thresholds, representing pile driving and non-explosive rock removal 

operations, are provided for: 

 Peak sound pressure level (SPL) of 206 dB re 1 µPa, 

 Cumulative sound exposure level (cSEL) of 187 dB re 1 µPa
2
·s,  

 root-mean-square (rms) SPL from 200 to 120 dB re 1 µPa in 10 dB steps, and 

 Sound exposure level (SEL) from 200 to 120 dB re 1 µPa in 10 dB steps (for impulse sound 

sources only). 

The distances to sound level thresholds for the use of explosives are provided for: 

 Peak pressure of 75.6 psi, and 

 Impulse level of 18.4 psi-msec. 
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Figure 1. Location of the proposed Marine Commerce Terminal ( ) and the model scenario locations 

( ) in New Bedford Harbor, MA.  

1.1. Fundamentals of Underwater Acoustics 

Sound is the result of mechanical vibration waves traveling through a fluid medium such as air or 

water. These vibration waves generate a time-varying pressure disturbance that oscillates above 

and below the ambient pressure. Sound waves may be perceived by the auditory system of an 

animal, or they may be measured with an acoustic sensor (a microphone or hydrophone). Water 

conducts sound over four times faster than air due to its lower compressibility; the speed of 

sound travelling in water is roughly 4900 ft/s, compared to 1100 ft/s in air. Sound is used 
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extensively by marine organisms for communication and for sensing their environment. Humans 

may use sound purposely to probe the marine environment through technologies like sonar; more 

often, human activities such as marine construction produce underwater sound as an unintended 

side effect. 

Sources of underwater sound can be mechanical (e.g., a ship), biological (e.g., a whale) or 

environmental (e.g., rain). Noise, in general parlance, refers to unwanted sound that may affect 

humans or animals. Noise at relatively low levels can form a background that interferes with the 

detection of other sounds; at higher levels, noise can also be disruptive or harmful. Common 

sources of naturally occurring underwater environmental noise include wind, rain, waves, 

seismic disturbances, and vocalizations of marine fauna. Anthropogenic (i.e., manmade) sources 

of underwater noise include marine transportation, construction, geophysical surveys, and sonar. 

Underwater noise usually varies with time and location. 

1.1.1. Properties of Sound 

The fundamental properties of sound waves are amplitude, frequency, wavelength, and intensity. 

Frequency of a sound wave, f, is the rate of pressure oscillation per unit of time. Amplitude of a 

sound wave, A, is the maximum absolute pressure deviation of the wave. If c is the speed of 

sound in a medium, then the pressure disturbance, P, due to a plane harmonic sound wave 

(Figure 2) at time t and location x is: 

     tcxfAtxP  2cos,  (1) 

The wavelength, λ, is the distance traveled by a sound wave over one complete cycle of 

oscillation. For plane harmonic sound waves, the wavelength is equal to the frequency divided 

by the speed of sound: 

 
c

f
  (2) 

Harmonic waves are fundamentally in acoustics because a well-known mathematical law 

(Fourier’s theorem) states that any arbitrary waveform can be represented by the superposition of 

harmonic waves. 

 

Figure 2. Snapshot of the pressure disturbance due to a plane harmonic sound wave. 
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The intensity of a traveling sound wave is the acoustic power per unit area carried by the wave. 

In general, the intensity of a sound wave is related to the wave’s amplitude, but it also depends 

on the compressibility and density of the acoustic medium. The loudness of a sound is related to 

the intensity; however, loudness is a subjective term that refers to the perception of sound 

intensity, rather than to the actual intensity itself. For humans and other animals, perceived 

loudness also depends on the frequency and duration of the sound. 

1.1.2. Acoustic Metrics 

Sound pressure and intensity are commonly measured on the decibel (dB) scale. The decibel 

scale is a logarithmic scale that expresses a quantity relative to a predefined reference quantity. 

Sound pressure in decibels is expressed in terms of the sound pressure level (SPL, symbol Lp): 

  refp PPL /log20 10  (3) 

where P is the pressure amplitude and Pref  is the reference sound pressure. For underwater 

sound, the reference pressure is 1 μPa (i.e., 10
−6

 Pa or 10
−11

 bar). In most cases, sound intensity 

is directly proportional to the mean square of the sound pressure (i.e., I ∝ <P
2
>); therefore, SPL 

is considered synonymous with sound intensity level. 

The decibel scale for measuring underwater sound is different than for measuring airborne 

sound. Airborne decibels are based on a standard reference pressure of 20 μPa, which is 20 times 

greater than the hydroacoustic reference pressure of 1 µPa. Furthermore, due to differences in 

compressibility and density between the two media, the impedance relationship between sound 

pressure and sound intensity is different in air than in water. Accounting for these differences in 

reference pressure and acoustic impedance, for a sound wave with the same intensity in both 

media, the hydroacoustic decibel value (in dB re 1 µPa) is about 63 dB greater than the airborne 

decibel value (in dB re 20 µPa). 

Sounds that are composed of single frequencies are called “tones.” Most sounds are generally 

composed of a broad range of frequencies (“broadband” sound) rather than pure tones. Sounds 

with very short durations (less than a few seconds) are referred to as “impulsive.” Such sounds 

typically have a rapid onset and decay. Steady sounds that vary in intensity only slowly with 

time, or that do not vary at all, are referred to as “continuous.” 

1.1.2.1. Metrics for Continuous Sound 

Continuous sound is characterized by gradual intensity variations over time, e.g., the propeller 

noise from a transiting ship. The intensity of continuous noise is generally given in terms of the 

root-mean-square (rms) SPL. Given a measurement of the time varying sound pressure, p(t), for 

a given noise source, the rms SPL (symbol Lp) is computed according to the following formula: 

 
22

10 /)(
1

log10 ref
T

p Pdttp
T

L   (4) 

In this formula, T is time over which the measurement was obtained. Figure 3 shows an example 

of a continuous sound pressure waveform and the corresponding rms sound pressure. 
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Figure 3. Example waveform showing a continuous noise measurement and the corresponding root-
mean-square (rms) sound pressure. 

1.1.2.2. Metrics for Impulsive Sound 

Impulsive, or transient, sound is characterized by brief, intermittent acoustic events with rapid 

onset and decay back to pre-existing levels (within a few seconds), e.g., noise from impact pile 

driving. Impulse sound levels are commonly characterized using three different acoustic metrics: 

peak pressure, rms pressure, and sound exposure. The peak SPL (symbol Lpk) is the maximum 

instantaneous sound pressure level measured over the impulse duration: 

   refPtpL /maxlog20 10pk   (5) 

In this formula, p(t) is the instantaneous sound pressure as a function of time, measured over the 

impulse duration 0 ≤ t ≤ T. This metric is very commonly quoted for impulsive sounds but does 

not take into account the duration or bandwidth of the noise. 

The rms SPL may be measured over the impulse duration according to the following equation: 

 













 

T

refp Pdttp
T

L 22

10 /)(
1

log10  (6) 

Some ambiguity remains in how the duration T is defined, because in practice the beginning and 

end of an impulse can be difficult to identify precisely. In studies of impulsive noise, T is often 

taken to be the interval over which the cumulative energy curve rises from 5% to 95% of the 

total energy. This interval contains 90% of the total energy (T90), and the SPL computed over this 

interval is commonly referred to as the 90% rms SPL (Lp90). The relative energy, E( t ), of the 

impulse is computed from the time integral of the square pressure: 

 2

0

2 /)()( ref

t

PdptE    (7) 

According to this definition, if the time corresponding to n% of the total relative energy of the 

impulse is denoted tn, then the 90% energy window is defined such that T90 = t95–t5. Figure 4 

shows an example of an impulsive sound pressure waveform, with the corresponding peak 

pressure, rms pressure, and 90% energy time interval. 
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Figure 4. Example waveform showing an impulsive noise measurement. Horizontal lines indicate the 
peak pressure and 90% root-mean-square (rms) pressure for this impulse. The gray area indicates the 
90% energy time interval (T90) over which the rms pressure is computed. 

The sound exposure level (SEL, symbol LE) is a measure of the total sound energy contained in 

one or more impulses. The SEL for a single impulse is computed from the time-integral of the 

squared pressure over the impulse duration: 

   10010

100

22

10 log10/)(log10 TEPdttpL
T

refE 













   (8) 

Unlike SPL, the SEL is generally applied as a dosage metric, meaning that its value increases 

with the number of exposure events. The cumulative SEL (cSEL) for multiple impulses (symbol 

LE
(Σ)

) is computed from the linear sum of the SEL values: 

 







 




N

n

n
E

L

EL
1

10/
)(

10

)( 10log10  (9) 

where N is the total number of impulses, and LE
(n)

 is the SEL of the n th impulse event. 

Alternatively, given the mean (or expected) SEL for single impulse events, <LE>, the cumulative 

SEL from N impulses may be computed according the following formula: 

  NLL EE 10

)( log10
 (10) 

Sound levels for impulsive noise sources (i.e., impact hammer pile driving) presented in this 

report refer to single pulse. Because the 90% rms SPL and SEL for a single impulse are both 

computed from the integral of square pressure, these metrics are related by a simple expression 

that depends only on the duration of the 90% energy time window T90: 

 458.0)(log10 901090  TLL pE  (11) 
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In this formula, the 0.458 dB factor accounts for the remaining 10% of the impulse energy that is 

excluded from the 90% time window. 

The impulse metric is sometimes used for assessment of the impact of the acoustic wave from an 

explosion. The impulse is the time integral of pressure through the largest positive phase of a 

pressure waveform (CSA 2004): 

 


0
)( dttpI  (12) 

In this formula, p(t) is the instantaneous sound pressure as a function of time and τ is the end 

time of the largest positive phase of the pressure waveform. The impulse has units of pounds per 

square-inch-seconds (psi·s) or pounds per square-inch-milliseconds (psi·msec). 

1.1.3. Source Level and Transmission Loss 

Sources of underwater noise generate radiating sound waves whose intensity generally decays 

with distance from the source. The dB reduction in sound level that results from propagation of 

sound away from an acoustic source is called propagation loss or transmission loss (TL). The 

loudness or intensity of a noise source is quantified in terms of the source level (SL), which is 

the sound level referenced to some fixed distance from a noise source. The standard reference 

distance for underwater sound is 1 m. By convention, transmission loss is quoted in units of dB 

re 1 m and underwater acoustic source levels are specified in units of dB re 1 μPa at 1 m. In the 

source-path-receiver model of sound propagation, the received sound level RL at some receiver 

position r is equal to the source level minus the transmission loss along the propagation path 

between the source and the receiver: 

 )(TLSL)(RL rr   (13) 

1.1.4. Spectral Density and 1/3-Octave Band Analysis 

The discussion of noise measurement presented so far has not addressed the issue of frequency 

dependence. The sound power per unit frequency of an acoustic signal is described by the power 

spectral density (PSD) function. The PSD for an acoustic signal is normally computed via the 

Discrete Fourier Transform (DFT) of time-sampled pressure data. The units of PSD are 

1 µPa
2
/Hz or dB re 1 µPa

2
/Hz. For practical quantitative spectral analysis, a coarser 

representation of the sound power distribution is often better suited. In 1/3-octave band analysis, 

an acoustic signal is filtered into multiple, non-overlapping passbands before computing the SPL. 

These 1/3-octave bands are defined so that three adjacent bands span approximately one octave 

(i.e., a doubling) of frequency. Figure 5 shows an example of power spectral density levels and 

corresponding 1/3-octave band pressure levels for an ambient noise recording. 
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Figure 5. Example power spectrum of ambient noise and the corresponding 1/3-octave band sound 
pressure levels. Frequency is plotted on a logarithmic scale, so the 1/3-octave bands are larger at higher 
frequencies. 

Standard center frequencies, fc, for 1/3-octave passbands are given by: 

 ...3,2,110)( 10/

c  nnf n
 (14)  

Nominal 1/3-octave band center frequencies, according to ISO standards, for the range relevant 

to this study are listed in Table 1. The SPL inside a 1/3-octave band, Lpb(fc), is related to the 

average PSD level inside that frequency band, Lps
(avg)

(fc), by the bandwidth, Δf: 

 )(log10)()( 10cpbc

(avg)

ps ffLfL   (15) 

The bandwidth of a 1/3-octave band is equal to 23.1% of the band center frequency (i.e., 

Δf = 0.231fc). Spectrum density levels and band levels are not limited to measurements of sound 

pressure: they may also, with appropriate selection of reference units, be given for SEL. 

Table 1. The nominal center frequencies of 1/3-octave bands, from 10 Hz to 20 kHz. 

Band 
Number 

Center 
Frequency 
(Hz) 

 
Band 
Number 

Center 
Frequency 
(Hz) 

 
Band 
Number 

Center 
Frequency 
(Hz) 

 
Band 
Number 

Center 
Frequency 
(Hz) 

10 10  20 100  30 1,000  40 10,000 
11 12.5  21 125  31 1,250  41 12,500 
12 16  22 160  32 1,600  42 16,000 
13 20  23 200  33 2,000  43 20,000 
14 25  24 250  34 2,500    
15 31.5  25 315  35 3,150    
16 40  26 400  36 4,000    
17 50  27 500  37 5,000    
18 63  28 630  38 6,300    
19 80  29 800  39 8,000    
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1.2. Acoustic Impact Criteria 

The acoustic impact criteria considered in this report were based on the recommendation from 

the National Marine Fisheries Service (NMFS). Currently, NMFS has no formal criteria for 

assessment of injury, mortality, or behavioral effect on fish created by continuous sound; 

however, NMFS, through correspondence with Apex, requested that the same impact criteria for 

impact pile driving (i.e., for impulsive sound) be considered for vibratory pile driving and non-

explosive rock removal (i.e., for continuous sound). NMFS uses dual criteria for assessment of 

injury to finfish by impact hammer pile driving. These criteria, derived from the agreement by 

the Fisheries Hydroacoustic Working Group (FHWG 2008), are:  

 Peak SPLs ≥ 206 dB re 1 µPa or cSELs ≥ 187 dB re 1 µPa
2
·s over 24 hours are estimated to 

create injury or mortality to fish, and  

 rms SPLs ≥ 150 dB re 1 µPa are estimated to have behavioral effects on fish. 

By convention, SELs for continuous sources are considered over a 1 s interval, thus are equal to 

rms SPLs (see Section 1.1.2); therefore, distances to the injury or mortality threshold of 187 dB 

re 1 µPa
2
·s (cSEL over 24 hours) may be greater than that of behavioral effects threshold on fish 

(rms SPL of ≥ 150 dB re 1 µPa). Although these criteria are unusual for a continuous source
1
, 

these were the only criteria considered in this report.  

Currently, NMFS has no formal criteria for assessment of hydroacoustic impacts of underwater 

explosion on finfish. The peak pressure levels of ≤ 75.6 psi and impulse levels of ≤ 18.4 psi-

msec were previously reported to create no injury or mortality to fish (Bullard 2012, Mosher 

1999). These levels were therefore used as impact criteria in this report.  

1.3. Air Bubble Curtains 

Noise attenuation (or mitigation) systems consist of strategies that reduce impacts of construction 

activities on the surrounding environment. For underwater construction activities, these systems 

are the primary method for reducing the sound levels of waterborne pressure waves.  

Air bubble curtains consist of one or more bubble rings surrounding the underwater activity. For 

example, the application of air bubble curtains for reducing underwater sound levels from pile 

driving has been studied extensively, particularly for large diameter piles (Vagle 2003, Nehls et 

al. 2007, CALTRANS 2009). The operating principle of this mitigation method is that a cloud of 

air bubbles changes the acoustic properties of the water, reducing transmission of pressure waves 

from the sound source into the surrounding water. Effectiveness of bubble curtains is variable 

and depends on many factors, including the bubble layer thickness, the total volume of injected 

air, the size of the bubbles relative to the sound wavelength, and whether the curtain is 

completely closed. Use of a confined air bubble curtain ensures that the air bubbles are shielded 

from water currents and the sound source remains completely and consistently enshrouded in 

bubbles. Since New Bedford Harbor has weak currents and the proposed bubble curtain was 

                                                 

 
1
 The cSEL criteria for nonpulse (continuous) sound are generally much higher than for impulsive sound (by 17 dB 

for marine mammals; Southall 2007). 
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specially design to prevent gaps of air bubbles above the seabed, the attenuation from the 

proposed bubble curtain is expected to be comparable to that of a confined bubble curtain. 
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2. Methods 

2.1. Model Scenarios 

Five scenarios were modeled (Figure 1, Table 2):  

 one pile-driving scenario,  

 two non-explosive rock removal scenarios, and  

 two explosive rock removal scenarios.  

The model scenarios evaluate precautionary distances to sound level thresholds at the time of 

year when the water conditions allow the sound to propagate the farthest from the source. For 

comparison purpose, each type of operation was modeled at Site 2 (northern edge of the 

proposed terminal; Figure 1); explosive rock removal was modeled with and without the 

estimated attenuation from an air bubble curtain. Non-explosive rock removal operations were 

also modeled at Site 1 (within the northern section of the South Terminal dredge footprint; 

Figure 1). 

Table 2. List of model scenarios. Site 2 is located at the north edge of proposed South Terminal. Site 1 is 
located within the northern section of the South Terminal dredge footprint (Figure 1). 

Scenario Sound Source Location Air Bubble Curtain 

Pile Driving 

1 Vibratory hammer Site 2 Off 

Non-Explosive Rock Removal 

2 Cutter-head dredge Site 1 Off 

3 Cutter-head dredge Site 2 Off 

Explosive Rock Removal 

4 Explosive charges (10 to 50 lbs) Site 2 Off 

5 Explosive charges (10 to 50 lbs) Site 2 On 

2.2. Acoustic Source Levels 

2.2.1. Pile Driving 

Documentation provided by Apex specified that sheet piles (type AS-500-12.7 (20 inch) or AZ-

14-700 (28 inch)) will be driven to form the bulkhead of the proposed South Terminal. Later, 

24–36 inch diameter steel piles will be set into pre-drilled holes in front of the sheet pile. The 

piles will be driven using a vibratory system; however, the exact drilling equipment was 

undecided at the time of this study.  

The energy required to drive a pile depends on the pile size and the soil resistance encountered; 

therefore, the noise from the pile driving operations is expected to vary throughout the operation. 

At first, the pile penetration will be shallow and there will be little soil resistance. At the final 

stage, when the pile penetration approaches the projected depth, the resistance will be strongest 
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and higher energy is needed to drive the pile. The maximum noise levels from the pile driving 

are expected at the latest stage of driving for each individual pile (Betke 2008).  

Measurements of underwater sound levels reported by Illingworth & Rodkin (2007) were used to 

estimate sound levels from vibratory hammer on 24-inch sheet piles. Review and analysis of past 

measurements is currently the best available method for estimating source levels for use in 

predictive models of pile driving. Technical guidelines generally advocate estimating piling 

source levels from past measurements (CALTRANS 2009, §4.6.2, WSDOT 2010b, §7.2.4). 

JASCO has applied this method to several projects to predict the underwater noise from pile 

driving activities (Gaboury et al. 2007a, 2007b, Austin et al. 2009, Erbe 2009, MacGillivray et al 

2011).  

The reported levels were back-propagated to a reference distance of 3.28 ft (1 m) from the source 

assuming spherical spreading loss (20logR) up to a distance equal to the water depth and 

cylindrical spreading loss (10logR) thereafter (where R [m] is the range from the source). 

2.2.2. Rock Removal–Non-Explosive  

A mechanical or hydraulic type dredge with an enclosed bucket will remove surficial sediment 

within the South Terminal dredge footprint (dredge areas 1–3 in Figure 1). If the rock is too hard 

for removal with conventional dredges, different non-explosive rock removal techniques may be 

used, including: 

 Hydraulic impact hammering (Hoe Ram), 

 Drilling and fracturing of rock, 

 Use of large backhoe, and 

 Use of a cutter-head.  

The exact specification of the non-explosive rock removal equipment was unknown at the time 

of this study; thus, the estimated source levels from the different activities considered were 

compared and the “loudest” technique was modeled to present precautionary estimates of radii to 

level thresholds.  

2.2.3. Rock Removal–Explosives 

If non-explosive rock removal methods do not allow for dredging to reach the desired water 

depth, explosives may be used to fragment the bedrock and facilitate dredging.  

The peak pressure and impulse of the pressure waveform from a blast can be predicted with the 

UnderWater Calculator spreadsheet developed by Dzwilewski and Fenton (2003), which 

calculates various acoustic wave metrics of the sound from a blast. The calculations can be done 

for an arbitrary distance from the source. The tool was designed to predict the acoustic impact of 

pile removal operations that involved placing a charge inside a pipe pile. 

The Calculator employs empirical equations for the peak pressure (Ppk, in psi) and the impulse (I, 

in psi-msec; Swisdak 1978) from a blast: 
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where W is the effective weight of the explosive charge (in kilograms), r is the slant range from 

the blast (in meters), and KP, KI, αP, and αI are coefficients specific to a given explosive. These 

equations were developed for a blast detonated in the water column. To simulate the shockwave 

from a charge buried in the sediment, the effective weight of the charge must be adjusted. The 

kinetic energy coupled into the water is reduced because a portion of the blast energy is absorbed 

by non-elastic deformations of the sediment. Dzwilewski and Fenton (2003) performed several 

numerical model runs with the Eulerian hydrocode CTH, a three-dimensional shock wave 

physics code (McGlaun et al. 1990), to quantify the explosive coupling efficiency for a charge 

buried in compact clay sediments and for a charge placed inside a steel pipe driven into clay 

sediments. The coupling efficiency for a 50-lbs C-4 charge in stiff clay sediments was estimated 

at 79%. The same charge placed inside a 36-inch diameter pile with 1.5-inch wall thickness in 

clay had 39% coupling efficiency (Dzwilewski and Fenton 2003). The coupling efficiency 

increased with the charge size. 

2.3. Air Bubble Curtain 

The mitigation effect of a bubble curtain on explosive rock removal activities was estimated 

from the results of field experiments. Nützel (2008) reported results of a controlled blast 

experiment in which the acoustic wave impact was monitored at 377 ft (115 m) from the blast 

site at 43 ft (13 m) water depth. The data from four hydrophones placed at 13, 20, 26, and 33 ft 

(4, 6, 8, and 10 m) below the sea surface were recorded. The experiment included three charge 

sizes: 0.22, 2.2, and 33 lbs (0.1, 1, and 15 kg). Five setups were considered:  

 no bubble curtain,  

 a single bubble curtain at 25 ft (7.5 m) from the charge with 45.2 ft
3
/min (4.2 m

3
/min) air 

supply rate, and  

 single, double and triple layer bubble curtains with layers separated by 6.5 ft (2 m) with 

215 ft
3
/min (20 m

3
/min) total air supply rate.  

The mitigation effect of the bubble curtain measured at different depths varied between 9.5 and 

19.9 dB (Nützel 2008). This study assumes a bubble curtain will have a 12 dB mitigation effect 

on the shockwave from a blast. 

2.4. Sound Propagation Models 

Underwater sound propagation (i.e., transmission loss) at frequencies of 10 Hz to 20 kHz was 

predicted with JASCO’s Marine Operations Noise Model (MONM). MONM computes received 

SEL for directional impulsive sources at a specified source depth.  

2.4.1. Marine Operations Noise Model 

At frequencies ≤2 kHz, MONM computes acoustic propagation via a wide-angle parabolic 

equation solution to the acoustic wave equation (Collins 1993) based on a version of the U.S. 

Naval Research Laboratory’s Range-dependent Acoustic Model (RAM), which has been 
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modified to account for an elastic seabed. The parabolic equation method has been extensively 

benchmarked and is widely employed in the underwater acoustics community (Collins et al. 

1996). MONM-RAM accounts for the additional reflection loss at the seabed due to partial 

conversion of incident compressional waves to shear waves at the seabed and sub-bottom 

interfaces, and it includes wave attenuations in all layers. MONM incorporates the following 

site-specific environmental properties: a bathymetric grid of the modeled area, underwater sound 

speed as a function of depth, and a geoacoustic profile based on the overall stratified composition 

of the seafloor. 

MONM-RAM’s predictions have been validated against experimental data in several sound 

source verification programs conducted by JASCO (Hannay and Racca 2005, Aerts 2008, Funk 

et al. 2008, Ireland et al. 2009, O’Neill et al. 2010, Warner et al. 2010).  

At frequencies ≥2 kHz, MONM employs the widely-used BELLHOP Gaussian beam ray-trace 

propagation model (Porter and Liu 1994) and accounts for increased sound attenuation due to 

volume absorption at these higher frequencies following Fisher and Simmons (1977). This type 

of attenuation is significant for frequencies higher than 5 kHz and cannot be neglected without 

noticeable effect on model results at long ranges from the source. MONM-BELLHOP accounts 

for the source directivity, specified as a function of both azimuthal angle and depression angle. 

MONM-BELLHOP incorporates site-specific environmental properties such as a bathymetric 

grid of the modeled area and underwater sound speed as a function of depth. In contrast to 

MONM-RAM, the geoacoustic input for MONM-BELLHOP consists of only one interface, 

namely the sea bottom. This is an acceptable limitation because the influence of the bottom sub-

layers on the propagation of acoustic waves with frequencies above 2 kHz is negligible. 

MONM computes acoustic fields in three dimensions by modeling transmission loss within two-

dimensional (2-D) vertical planes aligned along radials covering a 360° swath from the source, 

an approach commonly referred to as N×2-D. These vertical radial planes are separated by an 

angular step size of , yielding N = 360°/ number of planes. 

MONM treats frequency dependence by computing acoustic transmission loss at the center 

frequencies of 1/3-octave bands. Sufficiently many 1/3-octave bands, starting at 10 Hz, are 

modeled to include the majority of acoustic energy emitted by the source. At each center 

frequency, the transmission loss is modeled within each vertical plane (N×2-D) as a function of 

depth and range from the source. Third-octave band received (per-pulse) SELs are computed by 

subtracting the band transmission loss values from the directional source level (SL) in that 

frequency band. Composite broadband received SELs are then computed by summing the 

received 1/3-octave band levels. 

The received SEL sound field within each vertical radial plane is sampled at various ranges from 

the source, generally with a fixed radial step size. At each sampling range along the surface, the 

sound field is sampled at various depths, with the step size between samples increasing with 

depth below the surface. The step sizes are chosen to provide increased coverage near the depth 

of the source and at depths of interest in terms of the sound speed profile. The received SEL at a 

surface sampling location is taken as the maximum value that occurs over all samples within the 

water column below, i.e., the maximum-over-depth received SEL. These maximum-over-depth 

SELs are presented as color contours around the source.  

An inherent variability in measured sound levels is caused by temporal variability in the 

environment and the variability in the signature of repeated acoustic impulses (sample sound 
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source verification results are presented in Figure 6). While MONM’s predictions correspond to 

the averaged received levels, precautionary estimates of the radii to sound level thresholds are 

obtained by shifting the best fit line (solid line in Figure 6) upward so that the trend line 

encompasses 90% of all the data (dashed line in Figure 6).  

 

Figure 6. Peak and root-mean-square (rms) sound pressure level (SPL) and sound exposure level (SEL) 
versus range from a 20 in

3
 airgun array. Solid line is the least squares best fit to rms SPL. Dashed line is 

the best-fit line increased by 3.0 dB to exceed 90% of all rms SPL values (90th percentile fit) (Ireland et 
al. 2009, Fig. 10). 

2.4.2. Cumulative Sound Exposure Levels 

While some impact criteria are based on per-pulse received energy at the subject’s location, 

others account for the total acoustic energy to which marine life is subjected over a 24 h period. 

An accurate assessment of the cumulative acoustic field depends not only on the parameters of 

each pulse, but also on the number of pulses delivered in a given time period and the relative 

source position of the pulse. Quite a different issue, which is not considered here but bears 

mentioning as a qualifier to any estimates, is that individuals of most species would not remain 

stationary throughout the accumulation period, so their dose accumulation would depend also on 

their motion. 

For vibratory pile driving and non-explosive rock removal operations that produce continuous 

not impulsive sound, cSEL is calculated by summing (on a logarithmic scale) the SEL that 

represents 1 s of operation over the total number of operational seconds expected in 24 hours. 
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3. Model Parameters 

3.1. Environmental Parameters 

3.1.1. Bathymetry 

Water depths throughout the modeled area were obtained from soundings collected by the U.S. 

Army Corps of Engineers in support of the New Bedford Harbor Superfund Project. These 

soundings were adjusted to match proposed dredged depth in the pile driving area. In areas 

where no soundings were available, data were obtained from STRM30+ (v7.0), a global 

topography and bathymetry grid with a resolution of 30 arc-seconds or about 2,300 × 6,000 ft 

(700 × 1,800 m) at the studied latitude (Rodriguez et al. 2005).  

Bathymetry for a 10 × 12 miles (16 × 19 km) area, including waters from the Acushet River to 

Buzzards Bay, was re-gridded by minimum curvature gridding onto a Universal Transverse 

Mercator (UTM) Zone 19 projection with a horizontal resolution of 6.6 × 6.6 ft (2 × 2 m). Note 

that all maps presented in this report were projected onto the horizontal datum NAD 1983 U.S. 

State Plane Massachusetts Mainland Zone 19 (feet). 

3.1.2. Geoacoustics 

MONM assumes a single geoacoustic profile of the seafloor for the entire model area. The 

acoustic properties required by MONM are:  

 sediment density,  

 compressional-wave (or P-wave) sound speed,  

 P-wave attenuation in decibels per wavelength,  

 shear-wave (or S-wave) speed, and  

 S-wave attenuation, in decibels per wavelength.  

The geological stratification in New Bedford Harbor was based on boring logs provided by 

Apex. In general, dark grey sand with some grey to black organic silt was found down to 10–

35 ft below the mudline. Based on the available data, this layer was averaged to 21 ft below the 

mudline for modeling purposes. Throughout the harbor, fractured grey granite bedrock (gneiss) 

is found directly below the silty sand layer. Seismic refraction data collected by Northeast 

Geophysical Services in March 2011 provided estimates of P-wave sound speed in this gneiss 

layer.  

The other necessary acoustic properties were estimated from the geological stratification and 

sound speed data provided by Apex and values from analysis of similar material by Hamilton 

(1980), Ellis and Hughes (1989), and Barton (2007). Table 3 presented the geoacoustic profile 

used in this study. 
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Table 3. Estimated geoacoustic profile for Sites 1 and 2. Within each sediment layer, parameters vary 
linearly within the stated range. 

Depth below 
seafloor (ft) 

Material 
Density 
(g/cm

3
) 

P-wave speed 
(ft/s) 

P-wave 
attenuation 
(dB/λ) 

S-wave 
speed (ft/s) 

S-wave 
attenuation 
(dB/λ) 

 0-21 
Sand and some black 
organic silt 

1.77-1.95 5,331-7,150 0.96-1.10 

1180 4.8 
 21-27 Grey granite Gneiss 2.6 10,250-16,807 0.275 

 ≥ 27 Grey granite Gneiss 2.6 16,807 0.275 

 

3.1.3. Sound Speed Profile 

The sound speed profiles for the modeled sites were derived from sound speed profile data 

provided by Apex (Figure 7). These profiles were verified against temperature and salinity 

profiles from the US Naval Oceanographic Office’s Generalized Digital Environmental Model V 

3.0 (GDEM; Teague et al. 1990, Carnes 2009). GDEM provides ocean climatology of 

temperature and salinity for the world’s oceans on a latitude-longitude grid with 0.25° resolution, 

with a temporal resolution of one month, based on global historical observations from the US 

Navy’s Master Oceanographic Observation Data Set (MOODS). The climatology profiles 

include 78 fixed depth points, up to a maximum depth of 22,310 ft (6,800 m) (where the ocean is 

that deep), including 55 standard depths between 0 and 6,562 ft (2,000 m). The GDEM 

temperature-salinity profiles were converted to sound speed profiles according to the equations 

of Coppens (1981):  
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 (18) 

where z is water depth (m), T is temperature (°C), S is salinity (psu), and ϕ is latitude (radians).  

The same monthly variations were observed in both Apex and GDEM data. Since Apex data 

were sampled within the New Bedford Harbor, and GDEM data were only available within 

Buzzard Bay, Apex’s sound speed profiles are used to provide a more accurate estimate of the 

sound speed at the South Terminal Project sites.  

To provide precautionary estimates of distances to level thresholds, sound propagation was 

modeled for the month of September (yellow, Figure 7). The sound speed profile in fall becomes 

slightly upward refractive, which promotes sound propagation by reducing interactions with the 

seabed.  
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Figure 7. Sound speed profiles sampled at various locations and times of year within New Bedford 
Harbor, MA. 

3.2. Geometry and Modeled Volume 

The sound fields were modeled over New Bedford Harbor on an area about 13,123 × 23,950 ft 

(4.0 × 7.3 km), with a horizontal separation of 6.6 ft (2 m) between receiver points along the 

modeled radials. Sound fields were modeled with a horizontal angular resolution of  = 2.5°, 

for a total of N = 144 radial planes. The receiver depths span the entire water column over the 

modeled areas, from 1 to 164 ft (0.3 to 50 m), with step sizes that increased from 0.3 to 16.4 ft 

(0.1 to 5 m), with increasing depth. 
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4. Results 

4.1. Source Levels 

4.1.1. Pile Driving 

Blackwell et al. (2007) provided received sound level spectra from vibratory pile driving. This 

spectrum revealed distinct peaks in the 1/3-octave bands centered at 16, 31.5, and 50 Hz, which 

are consistent with the vibration frequency of about 30 Hz. The spectrum was scaled to a 

broadband level equal to the maximum source level for vibratory pile driving a 24-inch (0.6 m) 

pile reported by Illingworth & Rodkin (2007): 185 dB re 1 µPa
2
·s. 

Since the 24–36 inch diameter steel piles are to be set into pre-drilled holes, 1/3-octave bands 

source levels were also estimated for the drilling operation. JASCO recorded a Beetle (hammer) 

drill with a drill bit diameter of 24 inches passing through metamorphic rock (Mouy and Zykov 

2009). The drill rig was installed on a temporary metal frame resting on the river bottom. This 

hammer-drilling operation and environment are expected to be representative of the activities 

proposed for the New Bedford terminal. 

Figure 8 presents resultant source level spectra in 1/3-octave bands. Since the broadband levels 

are estimated higher for pile driving operations than for drilling operations, the spectrum for 

vibratory hammers was used in this study.  

As the pile flexes under the action of the pile driver, its entire length excites pressure waves in 

the water, meaning that the pile is a distributed sound source. Because of losses from bottom and 

surface interactions, attenuation will be less for a source at mid-depth than for one near the 

seafloor or surface. The pile was approximated by a point source located at half the water depth. 

This positioning of the equivalent point source is estimated to result in precautionary distances to 

sound level thresholds. 

 

Figure 8. Estimated 1/3-octave band source level spectra for pile driving operations. 
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4.1.2. Rock Removal–Non-Explosive Methods 

Since underwater spectrum representing hydraulic impact hammering (Hoe Ram) and drilling 

and fracturing of metamorphic rock were not found in the literature, a Beetle (hammer) drill with 

a drill bit diameter of 24 inches passing through metamorphic rock (Mouy and Zykov 2009), was 

used as proxy for the two types of activities.  

A cutter-head may also be used to help loosen the sediments. The head can usually be steered 

using cables and winches or thrusters. Generally, cutter-head dredges do not have a propulsion 

system, but use legs, known as spuds, to swing between anchors, or may use service tugs. The 

major source of noise is generated by the impact and abrasion of the sediment passing through 

the cutter-head, suction pipe, and pump (Robinson et al. 2011).  

Backhoe dredgers are relatively quiet compared to other dredges (CEDA 2011). The noise 

sources from backhoe dredging are the barge-installed power plant and scraping sounds as the 

bucket digs into hard sediment. Backhoe and bucket dredgers have a similar setup: a crane 

installed on a barge. The only difference being that the bucket is controlled through a steel wire 

cable instead of a rigid arm. Since noise measurements of a backhoe dredger were unavailable, 

clamshell bucket dredge measurements were used as proxy. 

One dredging duty cycle for a clamshell bucket dredge involves the following events: 

 Bucket striking the bottom, 

 Bucket digging into the bottom/bucket closing, 

 Winching up, and 

 Dumping the material from the bucket. 

Dickerson et al. (2011) identified that the noisiest event is the bucket striking the bottom. This 

acoustic event is very short compared to the length of a duty cycle (~1 min), and happens once 

per duty cycle. The source levels for other events are at least 6 dB lower. Table 4 presents the 

specification for the cutter-head and clamshell bucket dredges considered in this study. Figure 9 

presents the 1/3-octave band source level spectra for cutter-head dredges, clamshell bucket 

dredges, and a 24-inch hammer drill. 
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Table 4. Dredges Specifications. 

Dredge 
Name 

Type 

Length × 
breath × draft 
(ft) 

Capacity  Pump power (kW) 
Dredging 
depth (ft) 

Estimated rms 
SPL broadband 
level (dB re 
1 µPa @ 1 m) 

Reference 

JFJ de Nul Cutter-head 
suction dredge 
using thruster to 
move cutter-head 

408 × 91 × 21 unknown Cutter drive: 6000 
Submerged dredge pump 
on cutter ladder: 3800 
Inboard dredge 
pumps: 2 x 6000 
Propulsion: 2 x 3800 
 
Total installed power: 
27 190 

19 (min) 
115 (max) 

179.6 Hannay et al. 2004 and 
http://www.sakhalinenergy
.com/en/documents/doc_3
3_cea_tbl4-7.pdf 

Aquarius Self-propelled 
Cutter-head 
suction dredge 
using thrusters to 
move cutter-head 

351 × 62 × 16 unknown unknown 82 (max) 185.5 Malme et al. 1989 

Columbia Cutter-head 
suction dredge 
using winch to 
move cutter-head 

160 × 44 × 7 unknown Cutter power: 375  
Total power: 3954  

 
Pipe Diameter: 2 ft 

59 (max) 181.8 McHugh et al. 2007 

Beaver 
MacKenzie 

Cutter-head 
suction dredge 
using winch to 
move cutter-head 

284 × 51 × 13 Gross 
tonnage: 
2148.5 t 

Ladder: 1119 (1500 hp) 
Discharge: 1268 (1700 hp) 
jet pump: 1119 (1500 hp) 

 
Pipe Diameter: 2.8 ft 

148 (max) 172.1 Malme et al. 1989 

Viking Clamshell bucket 
dredge 

260 × 66 × 6 Maximum 
lift : 136 t 

unknown unknown 169.5 Dickerson et al. 2001 

Argilopotes Clamshell bucket 
dredge 

unknown unknown unknown unknown 167.6 Miles et al. 1987 

 

http://www.sakhalinenergy.com/en/documents/doc_33_cea_tbl4-7.pdf
http://www.sakhalinenergy.com/en/documents/doc_33_cea_tbl4-7.pdf
http://www.sakhalinenergy.com/en/documents/doc_33_cea_tbl4-7.pdf
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Figure 9. Estimated 1/3-octave band source level spectra for cutter-head dredges, clamshell bucket 
dredges, and a 24-inch hammer drill. 

Sound levels from the cutter-head dredge Aquarius were used in this study, since they represents 

the highest broadband source levels (185.5 dB re 1 µPa @ 1 m). As the available spectrum for 

Aquarius does not include frequencies above 800 Hz, source levels at higher frequencies were 

estimated using the highest values in each 1/3-octave band between the cutter-head dredges JFJ 

de Nul and Colombia. 

Because losses from bottom and surface interactions will be less for a source at mid-depth than 

for one near the seafloor or surface, the sound of non-explosive rock removal activities was 

approximated by a point source located at half the water depth. This positioning of the equivalent 

point source is estimated to produce results in precautionary distances to level thresholds. 

4.1.3. Rock Removal–Explosives 

The use of explosives may be required to facilitate rock removal. Bedrock blasting will likely be 

performed by drilling small diameter boreholes (~4 inch) into bedrock for several feet (6–10 ft) 

with a maximum charge weight of 50 lbs. At the time of modeling, the contractor had not been 

chosen, therefore important specification data for the blasting operations, such as the type of 

explosive, were not available. Substitute parameters were selected based on JASCO’s previous 

experience with blasting modeling. Pentolite was selected as the explosive type for blast 

modeling. The explosive specific coefficients of Pentolite for shockwave prediction are provided 

in Table 5.  
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Table 5. Explosive specific coefficients used in Equations 16 and 17 (Dzwilewski and Fenton 2003). 

 

 

The peak pressure and impulse of the shock wave from explosive rock removal operation were 

predicted with UnderWater Calculator (Dzwilewski and Fenton 2003). Coupling efficiency of a 

charge placed inside bedrock is expected to be similar to the one inside a steel pipe with wall 

thickness of 1 inch. The estimated coupling efficiency varied with the charge size from 35.6% 

for a 10-lbs charge to 46.4% for a 100-lbs charge. 

Equations 16 and 17 calculate the peak pressure and impulse values of the shockwave from a 

blast. The calculations were done for the distances as far as 4500 ft from the blast point. Since 

the charge weight has not been determined, several scenarios were considered with different 

charge sizes: 10, 20, 30, and 50 lbs. Scenarios with a charge inside a pipe were considered to 

provide estimates of a buried charge. The considered method for shockwave modeling does not 

take into account the variation of the bathymetry around the rock removal site.  

4.2. Sound Fields 

It is important to note that several assumptions were made to estimate precautionary distances to 

sound level thresholds. In addition to the assumptions detailed in Sections 2, 3, and 4.1, the water 

column was assumed free of obstructions like construction barges or other vessels that could act 

as partial noise barriers, depending on their draft. The underwater sound fields predicted by the 

propagation model were also sampled such that the received sound level at each point in the 

horizontal plane was taken to be the maximum value over all modeled depths for that point (see 

Section 2.4.1).  

The predicted distances to specific sound level thresholds were computed from the maximum-

over-depth sound fields. Two distances, relative to the source, are reported for sound levels 

representing the selected impact criteria: (1) Rmax, the maximum range at which the given sound 

level was encountered in the modeled sound field; and (2) R95%, the maximum range at which the 

given sound level was encountered after exclusion of the 5% farthest such points. This definition 

is meaningful in terms of impact on marine life, because, regardless of the geometric shape of the 

noise footprint for a given sound level threshold, R95% is the predicted range encompassing at 

least 95% of animals of a uniformly distributed population would be exposed to sound at or 

above that level. 

The model results are presented as contour maps of maximum-over-depth rms SPL in 10 dB 

steps, and to maximum-over-depth peak SPL, cSEL, and rms SPL, or peak pressure and impulse 

level thresholds. Distances (Rmax and R95%) to specified threshold are recorded in the legend of 

the contour maps for pile driving and non-explosive rock removal operations, and tabulated for 

rock removal operations using explosives.  

Explosive Pentolite 

KP  56.5 

αP 1.14 

KI 5.73 

αI 0.91 
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4.2.1. Pile Driving 

Apex estimates that each pile will to be driven into place in about 10 min using a vibratory 

hammer. Cumulative SEL was calculated assuming 10 min of vibratory hammer pile driving 

operation for each of the 16 piles to be driven in a 24-hour period. Thus, cSELs presented here 

assume 9600 s of operation in 24 hours. Peak SPL for vibratory pile driving is not expected to 

reach 206 dB re 1 µPa. 

Figure 10 presents a contour map of the modeled rms SPL for pile driving operation with 

vibratory hammer. Figure 11 presents a contour map of the modeled sound level thresholds for 

that type operation. 
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Figure 10. Pile driving with a vibratory hammer at Site 2: Received maximum-over-depth root-mean-
square (rms) sound pressure levels (SPLs). Blue contours indicate water depth in feet. 
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Figure 11. Pile driving with a vibratory hammer at Site 2: Received maximum-over-depth sound level 
thresholds. Blue contours indicate water depth in feet. 



JASCO APPLIED SCIENCES Underwater Acoustic Modeling of Construction Activities 

Version 3.0 27 

4.2.2. Rock Removal–Non-Explosive Methods 

Apex estimates 4 hr of non-explosive rock removal operation. Thus, cSELs presented here 

assume 14 400 s of cutter-head dredge operation in 24 hours. Peak SPL for vibratory pile driving 

is not expected to reach 206 dB re 1 µPa. 

Figures 12 and 14 present contour maps of the modeled rms SPL for non-explosive rock removal 

(using a cutter-head dredge), while Figures 13 and 15 present contour maps of the modeled 

sound level thresholds for same type of operation. 
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Figure 12. Non-explosive rock removal at Site 1: Received maximum-over-depth root-mean-square (rms) 
sound pressure levels (SPLs). Blue contours indicate water depth in feet. 
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Figure 13. Non-explosive rock removal at Site 1: Received maximum-over-depth sound level thresholds. 
Blue contours indicate water depth in feet.  
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Figure 14. Non-explosive rock removal at Site 2: Received maximum-over-depth root-mean-square (rms) 
sound pressure levels (SPLs). Blue contours indicate water depth in feet. 
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Figure 15. Non-explosive rock removal at Site 2: Received maximum-over-depth sound level thresholds. 
Blue contours indicate water depth in feet. 
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4.2.3. Rock Removal–Explosives 

The estimated functions of peak pressure and impulse versus distance are shown in Figures 16 

and 17, respectively. The functions for four different charge weights are provided for buried 

explosives.  

 

Figure 16. Predicted peak pressure of the shockwave from buried Pentolite charges of selected weight. 
The 75.6 psi safety criteria threshold is shown. 

 

Figure 17. Predicted impulse of the shockwave from buried Pentolite charges of selected weight. The 
18.4 psi-msec safety criteria threshold is shown. 
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Table 6 provides predicted off-set ranges based on peak pressure (75.6 psi) and impulse 

(18.4 psi-msec) metrics of the unmitigated and mitigated (bubble curtain) blast shock wave. The 

mitigation effect of a bubble curtain is considered to provide a 12 dB reduction in pressure of the 

shockwave. Figures 18–21 present in contour map format the predicted off-set ranges for charges 

from 10 to 50 lbs.  

Table 6. Predicted off-set ranges (ft) based on peak pressure (75.6 psi) and impulse (18.4 psi-msec) 
threshold criteria. With and without mitigation system (-12 dB). The maximums of two off-sets are 
provided. 

Charge  

Weight (lbs) 

Unmitigated Mitigated 

Ppeak Impulse Max Ppeak Impulse Max 

 10 235 302 302 14 66 66 

  20 299 502 502 23 110 110 

 30 346 681 681 32 149 149 

 50 418 1017 1017 47 223 223 
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Figure 18. Explosive charge at Site 2: Peak pressure threshold of 75.6 psi for explosive charges between 
10 and 50 lbs. Blue contours indicate water depth in feet. 
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Figure 19. Explosive charge at Site 2: Impulse level threshold of 18.4 psi·msec for explosive charges 
between 10 and 50 lbs. Blue contours indicate water depth in feet.  



Underwater Acoustic Modeling of Construction Activities JASCO APPLIED SCIENCES 

36 Version 3.0 

 

Figure 20. Explosive charge with bubble curtain at Site 2: Peak pressure threshold of 75.6 psi for 
explosive charges between 10 and 50 lbs. Blue contours indicate water depth in feet. 
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Figure 21. Explosive charge with bubble curtain at Site 2: Impulse level threshold of 18.4 psi·msec for 
explosive charges between 10 and 50 lbs. Blue contours indicate water depth in feet. 
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